Small unmanned aerial systems (UAS) have allowed the mapping of vegetation at very high spatial resolution, but a lack of standardisation has led to uncertainties regarding data quality. For reflectance measurements and vegetation indices (Vis) to be comparable between sites and over time, careful flight planning and robust radiometric calibration procedures are required. Two sources of uncertainty that have received little attention until recently are illumination geometry and the effect of flying height. This study developed methods to quantify and visualise these effects in imagery from the Parrot Sequoia, a UAV-mounted multispectral sensor. Change in illumination geometry over one day (14 May 2018) had visible effects on both individual images and orthomosaics. Average near-infrared (NIR) reflectance and NDVI in regions of interest were slightly lower around solar noon, and the contrast between shadowed and well-illuminated areas increased over the day in all multispectral bands. Per-pixel differences in NDVI maps were spatially variable, and much larger than average differences in some areas. Results relating to flying height were inconclusive, though small increases in NIR reflectance with height were observed over a black sailcloth tarp. These results underline the need to consider illumination geometry when carrying out UAS vegetation surveys.
Introduction

Vegetation Mapping with Unmanned Aerial Vehicles
Vegetation mapping using small unmanned aerial systems (UAS) has recently found many applications in environmental and ecological monitoring [? ? ? ], forestry [? ? ], precision agriculture [? ? ] and archaeology [? ] . The main advantages of UAS over other remote sensing platforms are the ability to collect data at very high spatial resolution, and a relative ease of deployment, allowing the user to define revisit times appropriate to the phenomena being investigated [? ? ]. However, there is a considerable diversity of platforms, sensors and data collection methods [? ? ? ], leading to uncertainties regarding data quality. In particular, the influences of collection method and environmental conditions on data quality are poorly understood [? ? ]. This creates problems if data from different sources are to be combined, or if time series of observations are to be assembled, as data collected using different sensors and methods or under different environmental conditions may not be comparable. Workflow diagrams for analysis of (a) illumination geometry effects and (b) flying height effects and comparison with ground reference data. sANIF refers to the simplified anisotropy factor (described in Section 2.3.1). All data were collected at Auchencorth Moss (Figure ??) , an atmospheric monitoring site in south-central Scotland (55 • 47'36"N, 3 • 14'41"W) run by the NERC Centre for Ecology and Hydrology [? ] . The site is a low-lying peatland with typical hummocky microtopography crossed by drainage ditches (Figure ??) , with vegetation consisting of grasses and sedges covering a layer of Sphagnum moss [? ] . Several ground control points (GCPs) had previously been placed around the site and surveyed using differential GNSS, yielding an image accuracy of 2-3 cm. The site is a low-lying peatland with typical hummocky microtopography crossed by drainage ditches (Figure 3) , with vegetation consisting of grasses and sedges covering a layer of Sphagnum moss [33] . Several ground control points (GCPs) had previously been placed around the site and surveyed using differential GNSS, yielding an image accuracy of 2-3 cm. 
Data Collection
UAS Platform and Sensor
A custom-built UAS based on the Tarot680Pro hexacopter frame (Tarot RC, Wenzhou, China) was used for data collection (Figure ??) . This was equipped with a Parrot Sequoia multispectral sensor mounted on a gimbal beneath the frame. The Sequoia sensor consists of an RGB camera, four single-band cameras-Green, Red, Red Edge and Near Infrared (NIR)-and a "sunshine sensor" that measures downwelling irradiance in the same four bands [? ] . The specifications of the multispectral cameras are given in Table ? ?. (Figure 4 ). This was equipped with a Parrot Sequoia multispectral sensor mounted on a gimbal beneath the frame. The Sequoia sensor consists of an RGB camera, four singleband cameras-Green, Red, Red Edge and Near Infrared (NIR)-and a "sunshine sensor" that measures downwelling irradiance in the same four bands [34] . The specifications of the multispectral cameras are given in Table 1 . 
Image Acquisition
Data were collected on 27 April, 14 May, 21 May and 7 June 2018. To investigate the effects of illumination geometry, a small (~930 m 2 ) area of the study site was repeatedly surveyed from a height of 10 m on 14 May. Skies were completely clear for the whole day, apart from some cirrus cloud at the start of the first flight. The start times of the 10-m flights were 11:00, 11:50, 13:40, 14:50 and 16:00 BST (UTC+0100), with each flight lasting 5-7 min. The flight speed was 2 m s -1 and images were captured every 0.8 s, resulting in front and side overlaps of approximately 80%. The flight plan was designed so that the camera was oriented in the same direction throughout each flight. The whole site was also surveyed at a flight speed of 5 m s −1 from a height of 25 m between 12:55 and 13:30 BST, to enable a comparison between vegetation imagery collected at different heights. Finally, the site was surveyed from a height of 65 m with a Sony ILCE-6000 digital camera (Sony Corporation, Tokyo, Japan) between 16:40 and 16:50 BST to enable construction of an RGB orthomosaic ( Figure 3 ).
The effect of flying height was investigated by flying vertically up to 100 m over a large square black sailcloth tarp, taking images every 0.8 s. The spectral properties of the tarp were not characterised in advance, but it was assumed to have a reasonably flat spectral response over the visual and near-infrared range. Four of these vertical profile flights were made-one at 16:10 BST on 27 April, one at 10:45 BST on 21 May and two on 7 June (at 14:05 and 15:25 BST). The 21 May flight 
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The effect of flying height was investigated by flying vertically up to 100 m over a large square black sailcloth tarp, taking images every 0.8 s. The spectral properties of the tarp were not characterised in advance, but it was assumed to have a reasonably flat spectral response over the visual and near-infrared range. Four of these vertical profile flights were made-one at 16:10 BST on 27 April, one at 10:45 BST on 21 May and two on 7 June (at 14:05 and 15:25 BST). The 21 May flight consisted of 613 images captured over three ascents and three descents, while the other flights consisted of just one ascent and descent, with the number of images varying between 163 and 199.
Before and after each flight, images were taken of a Zenith Lite 50% diffuse reflectance target (SphereOptics GmbH, Herrsching, Germany) for use in radiometric calibration. Images were taken with the UAS balanced on a rig above the target (Figure ??) , to minimise calibration errors caused by shadows or reflections that might be created by an operator holding it. consisted of 613 images captured over three ascents and three descents, while the other flights consisted of just one ascent and descent, with the number of images varying between 163 and 199. Before and after each flight, images were taken of a Zenith Lite 50% diffuse reflectance target (SphereOptics GmbH, Herrsching, Germany) for use in radiometric calibration. Images were taken with the UAS balanced on a rig above the target ( Figure 5 ), to minimise calibration errors caused by shadows or reflections that might be created by an operator holding it. 
Ground Reference Data
An ASD FieldSpec Pro field spectrometer (ASD Inc, Boulder, CO, USA) was used to record spectral profiles of the vegetation and the tarp. Vegetation spectral profiles were recorded near GCPs and in pairs-one measurement of a hummock and one of a hollow for each GCP. The FieldSpec Pro was operated in White Reference mode, which calculates the reflectance of the target relative to a white reference standard and allows spectra to be visualised in the field for real-time quality control [35] . The white reference standard used was a small Spectralon target (Labsphere Inc., NH, USA). Spectral averaging (i.e., the number of samples per measurement) was set to 50. No foreoptic was attached to the spectrometer, giving a circular field of view (FOV) of approximately 23° [35] , and measurements were taken from approximately 10 cm above each target. The times and total numbers of ground reference measurements are given in Table 2 . 
Image Processing
Images were processed in two ways: individual images from all flights were converted to reflectance images using the "raster" package in R 3.4.4 [36, 37] ; and images from the 14 May flights 
Ground Reference Data
An ASD FieldSpec Pro field spectrometer (ASD Inc., Boulder, CO, USA) was used to record spectral profiles of the vegetation and the tarp. Vegetation spectral profiles were recorded near GCPs and in pairs-one measurement of a hummock and one of a hollow for each GCP. The FieldSpec Pro was operated in White Reference mode, which calculates the reflectance of the target relative to a white reference standard and allows spectra to be visualised in the field for real-time quality control [? ] . The white reference standard used was a small Spectralon target (Labsphere Inc., NH, USA). Spectral averaging (i.e., the number of samples per measurement) was set to 50. No foreoptic was attached to the spectrometer, giving a circular field of view (FOV) of approximately 23 • [? ], and measurements were taken from approximately 10 cm above each target. The times and total numbers of ground reference measurements are given in Table ? ?. 
Image Processing
Images were processed in two ways: individual images from all flights were converted to reflectance images using the "raster" package in R 3.4.4 [? ? ]; and images from the 14 May flights were also processed in the photogrammetry software package Pix4Dmapper Pro 4.0.21 (Pix4D SA, Lausanne, Switzerland).
Correction and Calibration of Individual Images
Parrot sensors provide instructions for carrying out sensor correction manually for the Sequoia, using information stored in the EXIF metadata associated with each image. Two sensor corrections were applied: vignette correction [? ] and exposure calibration [? ] .
Vignetting is a falloff in illumination away from the image centre, caused by the optical properties of the lens [? ? ? ]. Parrot sensors characterise the effect of vignetting for each multispectral camera by taking images of a flat field and modelling the result as a 2D polynomial, which is represented in the EXIF metadata [? ] . This was used to create a raster defining the modelled effect of vignetting, and each image was divided by this to perform the correction. Figure S1 shows the effect of vignetting for each single-band camera.
After vignette correction, image DNs were converted to at-sensor radiance in arbitrary units. The relationship between radiance and DN depends on the exposure parameters (exposure time, aperture and ISO) used to capture the image. In the case of the Sequoia, this relationship has been characterised for each band by the manufacturer using the following model:
, f is f-number, ε is exposure time in seconds, γ is the ISO and A, B and C are constants given in the EXIF data [? ] . After these corrections were applied, at-sensor radiance for each pixel was converted to reflectance using the sunshine sensor and a calibration target image. Data from the sunshine sensor were converted to irradiance in arbitrary units using the following equation:
where I SS is irradiance, v is the count recorded by the sunshine sensor, g is a relative gain factor (to normalise all measurements to one gain mode) and τ is the integration time [? ? ]. To obtain reflectance, an image of a target of known reflectance was used to calibrate the relationship between the measurements at the two sensors:
where k is the calibration coefficient and R target is the target's reflectance [? ? ]. The reflectance R of each pixel in an image was then calculated as:
Reflectance and NDVI Maps
Image sets from 14 May were additionally processed in Pix4Dmapper to create RGB and multispectral orthomosaics, NDVI maps and a DSM. Pix4D was chosen because it is well-integrated with the Sequoia sensor and automatically applies the necessary sensor corrections and radiometric calibration using an image of a calibration target [? ] . All multispectral image sets were processed using the Ag Multispectral template, which specifies default settings appropriate for multispectral vegetation surveys. None of these defaults were changed. The spatial resolutions of the resulting orthomosaics and NDVI maps are given in Table ? ?. Only two GCPs with known locations were present in the small area surveyed from 10 m, which was not enough for georeferencing in Pix4D. Therefore, eight extra manual tie points (MTPs) were defined: a corner of the small tarp, four easily identifiable vegetation features and three small plastic cones that had been placed as makeshift GCPs but had not been surveyed. The 13:40 flight was processed first, and the locations of the MTPs in the resulting model were exported and treated as GCPs in processing the other flights. Thus, each of these were georeferenced relative to the 13:40 flight.
Because there were no spare GCPs available to use as check points, no independent measure of georeferencing accuracy was possible. The accuracy of co-registration between orthomosaics from different flights was assessed visually and appeared to be high-there were no visually detectable differences between the morning (11:00 and 11:50) flights, or between the afternoon (13:40, 14:50 and 16:00) flights, but there were errors of about three pixels between morning and afternoon.
Analysis and Visualisation
Analysis and visualisation was done using R 3.4.4 [? ] . Solar elevation and azimuth were calculated using the "suncalc" package [? ].
Illumination Geometry
To analyse the effect of illumination geometry on individual images, average reflectance images were calculated for each combination of band and flight time (i.e., using all images captured in one band over one flight). The number of images differed between flights, within a range of 389-489. This averaging was done to cancel out variation in the vegetation appearing in individual images, leaving an average variation in reflectance that was assumed to be due to anisotropic reflectance effects. Because skies were clear and flight times were short, illumination was as constant as possible over each set of images. The vegetation was reasonably homogeneous, though spatial variation in its reflectance properties could have had some effect on the average images.
A simplified anisotropy factor (sANIF) was then calculated for each pixel of these images. ANIF is the reflectance measured at a specific viewing and illumination geometry relative to the reflectance measured at nadir [? ? ? ]. However, in this case the aim was to visualise the effect on averaged reflectance images. Viewing and illumination angles could not be calculated because these would have varied slightly at each pixel over each set of images used. It is therefore simplified here to the reflectance R of a pixel relative to the estimated reflectance R 0 at nadir (calculated as the mean reflectance in the region within a radius of 20 pixels from the image centre):
The value of sANIF indicates how strongly reflectance or NDVI at a given pixel differs from the average at the image centre. The effect is to normalise the variations in reflectance across the averaged images so that visual comparisons can be made between bands.
To analyse the effect of illumination geometry on reflectance and NDVI maps from Pix4D, six regions of interest (ROIs) of the same shape and size (approximately 12 m 2 ) were defined and the mean and standard deviation of reflectance/NDVI were calculated for each one, using QGIS 2.18.13 [? ] . The ROIs were positioned away from the edges of the maps, covering vegetation with visually different NDVI properties. ROIs 1 and 2 contained vegetation with relatively low NDVIs; ROIs 3 and 4 had higher NDVIs and relatively low contrast between hummocks and hollows; ROIs 5 and 6 had higher contrast between hummocks and hollows (Figure ??) .
Per-pixel differences were also calculated between each NDVI map and the NDVI map of the 13:40 flight. To reduce the effect of georeferencing errors (Section ??), each NDVI map was first resampled, using bilinear interpolation, to a GSD of 3.87 cm (three times the GSD of the 11:50 NDVI map, which had the coarsest resolution).
mean and standard deviation of reflectance/NDVI were calculated for each one, using QGIS 2.18.13 [43] . The ROIs were positioned away from the edges of the maps, covering vegetation with visually different NDVI properties. ROIs 1 and 2 contained vegetation with relatively low NDVIs; ROIs 3 and 4 had higher NDVIs and relatively low contrast between hummocks and hollows; ROIs 5 and 6 had higher contrast between hummocks and hollows ( Figure 6 ). Per-pixel differences were also calculated between each NDVI map and the NDVI map of the 13:40 flight. To reduce the effect of georeferencing errors (Section 2.2.2), each NDVI map was first resampled, using bilinear interpolation, to a GSD of 3.87 cm (three times the GSD of the 11:50 NDVI map, which had the coarsest resolution).
Flying Height
For each vertical profile flight, a 32 × 32 pixel region was defined that was filled by the tarp in all images. Mean reflectance in this region was calculated for each image and plotted against height above ground. This was calculated by subtracting the mean GPS altitude recorded by the Sequoia in images of the landing pad taken before and after the flight from the altitude recorded for each image during the flight. 
For each vertical profile flight, a 32 × 32 pixel region was defined that was filled by the tarp in all images. Mean reflectance in this region was calculated for each image and plotted against height above ground. This was calculated by subtracting the mean GPS altitude recorded by the Sequoia in images of the landing pad taken before and after the flight from the altitude recorded for each image during the flight.
Comparison between UAS and Ground Reference Data
Spectra from the ASD were averaged over a day (in the case of vegetation spectra), or over series of measurements taken at the same time (in the case of the tarp). These averaged spectra were then convolved to match the Sequoia bands. As the exact spectral response curve of the Sequoia was not available, it was assumed that its response is uniform within each band, so the ASD reflectance was simply averaged over the full width of each Sequoia band. The convolved ASD measurements were compared with:
1.
Mean reflectance in each Sequoia band from images collected above 25 m in vertical profile flights.
2.
Mean reflectance in each band in the six ROIs for reflectance maps of the 25-m flight and the 13:40 10-m flight on 14 May.
In each case, the set of ASD measurements taken closest to the flight time was used in the comparison, except for the second vertical profile flight on 7 June, where two sets of ASD measurements (approximately 30 min either side of the flight) were averaged.
Results
Effects of Illumination Geometry
Changing illumination geometry had a visible effect on reflectance in images from the 14 May flights (Figure ??) . In the 13:40 flight, the hot spot was visible in the top left corner of the images, surrounding a small darker spot where the shadow of the UAS fell. In images from the other 10-m flights, the hot spot fell outside the Sequoia's FOV, but there was still a noticeable increase in sANIF in the direction opposite the Sun, and an increase away from the image centre.
The relative strength of these two effects appeared to change over the day-in the morning the gradient in sANIF was predominantly right to left (i.e., increasing away from the Sun), while in the afternoon it was more circular (increasing away from the centre). The increase away from the centre was also slightly weaker in the Red band than in the NIR and Green bands.
Overall variation in sANIF was more pronounced in the Green and Red bands than in the NIR band, resulting in a slight decrease in NDVI away from the Sun (especially in the morning). Variation in sANIF across Red Edge images was less pronounced than in other bands, and variation in sANIF across NDVI images was smaller than across individual band images.
When images had been mosaiced in Pix4D, there was still an increase in reflectance in the direction opposite the Sun, but this effect was only visible at the edges of the reflectance maps (Figure ??) . The 11:50 maps showed this edge effect most strongly, with higher reflectance along the NW and NE edges, and lower reflectance along the opposite edges. The 14:50 and 16:00 maps had much weaker edge effects, which is consistent with the change in the type of sANIF gradient between morning and afternoon images shown in Figure ? ?. Edge effects were much less visible in the NDVI maps, but there appeared to be a small decrease in NDVI at the NE edge of the 11:50 and 13:40 flights (Figure ?? ). When images had been mosaiced in Pix4D, there was still an increase in reflectance in the direction opposite the Sun, but this effect was only visible at the edges of the reflectance maps ( Figure  8 ). The 11:50 maps showed this edge effect most strongly, with higher reflectance along the NW and NE edges, and lower reflectance along the opposite edges. The 14:50 and 16:00 maps had much weaker edge effects, which is consistent with the change in the type of sANIF gradient between morning and afternoon images shown in Figure 7 . Edge effects were much less visible in the NDVI maps, but there appeared to be a small decrease in NDVI at the NE edge of the 11:50 and 13:40 flights ( Figure 8 ). Reflectance in the NIR and Red Edge bands was noticeably lower in the 13:40 flight (which was closest to solar noon), while there was very little difference in the Green and Red bands. As a result, NDVI was lower in the 13:40 flight (Figures 9 and 10 ). Contrast between well-illuminated and shadowed areas appeared to increase throughout the day, rather than showing an inverse relationship with solar elevation. The expected pattern appeared in the afternoon, with shadows increasing as solar elevation decreased. However, shadows appeared less strong in the morning than near noon. Reflectance in the NIR and Red Edge bands was noticeably lower in the 13:40 flight (which was closest to solar noon), while there was very little difference in the Green and Red bands. As a result, NDVI was lower in the 13:40 flight (????). Contrast between well-illuminated and shadowed areas appeared to increase throughout the day, rather than showing an inverse relationship with solar elevation. The expected pattern appeared in the afternoon, with shadows increasing as solar elevation decreased. However, shadows appeared less strong in the morning than near noon. Figure 8 ). The solar principal plane is indicated by the yellow arrows, which point away from the Sun. The blue arrows show the approximate orientation of Sequoia images. Figure 6 ) and showed a similar response to solar elevation.
The differences in mean NDVI were small-between 0.01 and 0.05. However, per-pixel differences were not spatially uniform and were much larger than mean differences in some areas (Figures 11-13 ). This is partly because the flights did not cover the same area, which enhanced the edge effects described above. For example, the NW edge of the 11:00 and 11:50 NDVI maps overlapped with an area of the 13:40 map that was not near the edge, so NDVI was lower in this area of the 11:00 and 11:50 maps ( Figure 11 ). There were other patches of above-average NDVI differences that appeared in both the 11:00 and 11:50 maps, suggesting that the effect of changing illumination (Figure ??) and showed a similar response to solar elevation.
The differences in mean NDVI were small-between 0.01 and 0.05. However, per-pixel differences were not spatially uniform and were much larger than mean differences in some areas (??????). This is partly because the flights did not cover the same area, which enhanced the edge effects described above. For example, the NW edge of the 11:00 and 11:50 NDVI maps overlapped with an area of the 13:40 map that was not near the edge, so NDVI was lower in this area of the 11:00 and 11:50 maps (Figure ?? ). There were other patches of above-average NDVI differences that appeared in both the 11:00 and 11:50 maps, suggesting that the effect of changing illumination on NDVI may vary with the vegetation-one of these patches was in the narrow strip of low NDVI running SE-NW across the survey area. Per-pixel NDVI differences also appeared to be smaller on the tops of hummocks than in hollows (Figure ??) . The mean absolute per-pixel differences in NDVI from 13:40 were larger in the morning than the afternoon flights, with the 11:00 flight having the highest mean differences ( Table ?? ). on NDVI may vary with the vegetation-one of these patches was in the narrow strip of low NDVI running SE-NW across the survey area. Per-pixel NDVI differences also appeared to be smaller on the tops of hummocks than in hollows (Figure 12 ). The mean absolute per-pixel differences in NDVI from 13:40 were larger in the morning than the afternoon flights, with the 11:00 flight having the highest mean differences (Table 4 ). Figures 12 and 13 , respectively. The arrows indicate the solar principal plane (black) and orientation of the camera (blue), as in Figure 8 . Figure 9 (outlined in black in Figure  11 ). X = example hummock; O = example hollow.
In one area of the 16:00 map, the NDVI differences were as high as 0.5 for some pixels ( Figure  13 ). However, this area looked somewhat blurred in the reflectance maps from the 16:00 flight, so this may have been related to motion blur or poor image overlap rather than to lower solar elevation. In one area of the 16:00 map, the NDVI differences were as high as 0.5 for some pixels (Figure ??) . However, this area looked somewhat blurred in the reflectance maps from the 16:00 flight, so this may have been related to motion blur or poor image overlap rather than to lower solar elevation. Figure 13 . Per-pixel NDVI differences between the 16:00 and 13:40 flights in the area outlined in red in Figure 11 . Differences outside the range ±0.2 NDVI are shown in black.
Effects of Flying Height
The effect of height above ground on the measured reflectance of the tarp varied between flights, but the general trend was an increase in Red Edge and NIR reflectance with height, especially in the first 25 m above ground. NDVI showed a similar trend, as the visible bands were much less affected by height than NIR (Figure 14) . The greatest differences are seen in the NIR band (<0.04) and NDVI (<0.2) for 27 April, with most of the difference appearing in the first 25 m. There was also a small (<0.005) difference in reflectance between ascent and descent on 27 April and both 7 June flights, with higher reflectance values for the ascent in each case. Red and NIR bands were equally affected, so this effect was not apparent for NDVI. Figure 13 . Per-pixel NDVI differences between the 16:00 and 13:40 flights in the area outlined in red in Figure ? ?. Differences outside the range ±0.2 NDVI are shown in black.
The effect of height above ground on the measured reflectance of the tarp varied between flights, but the general trend was an increase in Red Edge and NIR reflectance with height, especially in the first 25 m above ground. NDVI showed a similar trend, as the visible bands were much less affected by height than NIR (Figure ??) . The greatest differences are seen in the NIR band (<0.04) and NDVI (<0.2) for 27 April, with most of the difference appearing in the first 25 m. There was also a small (<0.005) difference in reflectance between ascent and descent on 27 April and both 7 June flights, with higher reflectance values for the ascent in each case. Red and NIR bands were equally affected, so this effect was not apparent for NDVI. 
Comparison between Sequoia and Ground Reference Data
Comparison between the Sequoia and field spectrometer measurements revealed systematic discrepancies between the Sequoia's bands (Figures 15 and 16 ; Table 5 ). In Figure 15 , the ASD reflectance associated with each vertical profile flight varies much less between bands than the Sequoia reflectance. The Sequoia appeared to overestimate in the Green, Red edge and NIR bands, 
Comparison between the Sequoia and field spectrometer measurements revealed systematic discrepancies between the Sequoia's bands (????; Table ? ?). In Figure ?? , the ASD reflectance associated with each vertical profile flight varies much less between bands than the Sequoia reflectance. The Sequoia appeared to overestimate in the Green, Red edge and NIR bands, except on 21 May. The Sequoia's Red band measured consistently lower reflectance than the other bands, and stayed closer to the 1:1 line. (The lower Red reflectance is also apparent in Figure ?? ). except on 21 May. The Sequoia's Red band measured consistently lower reflectance than the other bands, and stayed closer to the 1:1 line. (The lower Red reflectance is also apparent in Figure 14 ). In the comparison between the ASD and vegetation reflectance maps (Figure 16 ), the Red band stayed close to the 1:1 line, while the Sequoia measured higher reflectance than the ASD in the Green band, but lower reflectance in Red edge and NIR bands. There was very little difference between the 10-m and 25-m flights. In the comparison between the ASD and vegetation reflectance maps (Figure ??) , the Red band stayed close to the 1:1 line, while the Sequoia measured higher reflectance than the ASD in the Green band, but lower reflectance in Red edge and NIR bands. There was very little difference between the 10-m and 25-m flights. Table 5 shows that the RMSE was much lower for comparisons of the Sequoia's Red band and the ASD than for the equivalent comparisons among other bands. The RMSE for the comparisons of Sequoia and ASD was generally lower for the vertical profile flights over the tarp than for vegetation orthomosaics. The RMSE was also lower for the comparison between different heights than for the Sequoia versus ASD. 
Discussion
This research investigated the effects of illumination geometry and flying height on imagery captured by a UAS with a multispectral sensor. The results showed that changing illumination geometry had visible effects on individual images, due to anisotropic reflectance of the vegetation. These effects were much less pronounced in orthomosaics, except where image overlap was lower at the edges of the survey area. Anisotropic reflectance effects should therefore be considered when Table ? ? shows that the RMSE was much lower for comparisons of the Sequoia's Red band and the ASD than for the equivalent comparisons among other bands. The RMSE for the comparisons of Sequoia and ASD was generally lower for the vertical profile flights over the tarp than for vegetation orthomosaics. The RMSE was also lower for the comparison between different heights than for the Sequoia versus ASD. 
This research investigated the effects of illumination geometry and flying height on imagery captured by a UAS with a multispectral sensor. The results showed that changing illumination geometry had visible effects on individual images, due to anisotropic reflectance of the vegetation. These effects were much less pronounced in orthomosaics, except where image overlap was lower at the edges of the survey area. Anisotropic reflectance effects should therefore be considered when planning UAS vegetation surveys. The effect of flying height was relatively minor, but comparison with ground reference data revealed discrepancies between the multispectral bands of the Sequoia, which may be problematic for comparisons with other sensors.
Anisotropic Reflectance
Several researchers have used UAS to measure the reflectance anisotropy of surfaces, using flight patterns designed to capture images or reflectance measurements of the same point from multiple angles [? ? ? ? ]. A typical flight pattern of parallel lines with high overlap can also be used to measure reflectance anisotropy, by calculating the illumination and viewing angles of each pixel in images that have been aligned and orthorectified in photogrammetry software [? ? ]. The method presented here is comparatively simple-whereas Roosjen et al. were able to visualise the spatial distribution of anisotropy parameters [? ], our method only provides the average reflectance anisotropy of a small plot. Nevertheless, it is easy to apply, requires minimal processing time (<10 min per flight in this study) and allows the effect on individual images to be visualised (Figure ??) , as opposed to variation with the viewing angle. However, it does rely on accurate vignette correction, as the greatest sANIF values are at the corners of the images, where vignetting is also greatest ( Figure S1 ).
Two effects can be seen in Figure ?? : an increase in sANIF in the backscattering direction, and an increase away from the image centre. The latter effect is caused by the sensor's view penetrating further into the canopy at nadir than off-nadir, and a greater proportion of lower, more shaded layers can be seen in the nadir view, reducing apparent reflectance. The visible bands show a stronger backscattering effect than the NIR band because vegetation absorbs the visible wavelengths (especially red) more strongly than NIR, making the shadows darker relative to well-illuminated areas in the visible bands [? ?
].
The relative influence of the two effects changed over the course of the day, with backscattering appearing stronger in the morning and the off-nadir effect stronger in the afternoon. This was less expected, as these effects are mainly related to solar zenith angle and canopy structure [? ? ]. The contrast between well-illuminated and shadowed areas of orthomosaics also increased through the day (Figure ??) . This may be at least partly explained by the drainage ditches running SE-NW across the site, which would have been more shadowed in the afternoon when the solar principal plane was perpendicular to them. The flight line orientation relative to the solar principal plane and the drainage ditches may also have had some effect, as the sensor's FOV was not equal in all directions. Experiments with different flight lines at the same solar azimuth would be needed to investigate these potential interactions.
The apparent difference between hummocks and hollows in per-pixel NDVI comparisons (Figure ??) is interesting, as it suggests that the effect of illumination geometry on NDVI may vary over very short distances-for example, as a result of (micro)topography or vegetation type. The differences in NDVI appeared to be smaller on the hummocks, which would also have experienced smaller changes in illumination over the day than the hollows because they would be affected differently by shadows. The hummocks and hollows also had contrasting vegetation assemblages, whose reflectance properties could have responded differently to the change in illumination.
There is currently a need for reliable methods to correct for anisotropic reflectance effects in UAS images [? ] . Figure ?? suggests that the use of vegetation indices may normalise these effects to some extent-the variation in sANIF across NDVI images is much smaller than across individual band images. Alternatively, average variations in sANIF could be used to normalise reflectance across images in individual bands. This is unlikely to be as accurate as methods that use 3D models of the surface [? ] , but would at least have the advantage of being quick and simple to apply. Unfortunately, this idea could not be tested as there was no way to validate the results against the ground reference data. Anisotropic reflectance effects were much less pronounced in the orthomosaics than in individual images, suggesting that Pix4D's method for calculating pixel reflectance values is effective at correcting for these effects. One drawback is that the precise method of pixel averaging used by Pix4D is not known. This means that it is difficult (or impossible) to determine which pixels from which images were averaged, and it is not known what errors are introduced by the averaging [? ] .
It is worth emphasising that these results were specific to the phenological stage of the vegetation at the study site on the date they were surveyed, since anisotropic reflectance effects are strongly related to canopy structure. Another possible avenue of future research would be to repeat these measurements several times over a growing season, to determine how reflectance anisotropy changes over the phenological cycle at a certain site.
Flight Planning
Anisotropic reflectance effects became more pronounced towards the edges of orthomosaics, where image overlap was lower (Figure ??) . This should be taken into consideration when planning UAS surveys. One solution is to fly in a grid pattern, rather than in parallel lines, to increase image overlap at the edges [? ]. However, this may not be practical for large surveys where time or batteries are limited. An alternative is simply to allow a reasonable buffer around the area of interest, so that it is less likely to be near the edge. The buffer may need to be large if per-pixel comparisons are to be attempted, because no two flights will cover exactly the same area, and the edge of one may overlap the middle of another.
NDVI , suggesting that the NDVI response may be site-specific. One possibility is that the presence of the hot spot within the FOV of the sensor causes NDVI to decrease. This happened by chance in the 13:40 flight on 14 May-the approximate solar zenith angle was 37.6 • and the diagonal FOV of the sensor was 36.9 • either side of nadir ( Table ?? ). The flight line orientation made it just possible for the hot spot to appear in the corner (Figure ??) . The results reported by Assmann et al. were for a site in the Canadian Arctic, and solar elevation was lower [? ], so the hot spot would not have been within the FOV of the sensor. This hypothesis would need more investigation, but if confirmed it would suggest that flights should be planned to avoid hot spots appearing in images. However, this may be difficult at low latitudes.
Flying Height
The results relating to flying height were inconclusive. The increase in NDVI of the large tarp with height was more pronounced in some flights than in others (Figure ??) , and there was no consistent effect of flying height on vegetation reflectance in orthomosaics (Figure ??) . There was an interesting difference between individual images captured on the ascent and on the descent in vertical profile flights, with the ascent having higher reflectance values over a range of heights. This is difficult to explain, but probably not relevant for most applications, as images are generally captured from a constant flying height. One factor that might have influenced these measurements was downdraft from the UAS causing ripples to form in the fabric, possibly changing its apparent reflectance. This might explain the increased variability in reflectance in the first few metres above ground (Figure ??) , but probably not the whole trend up to 25 m.
Radiometric Calibration
Although it is not possible to say from these results whether there was any atmospheric effect, they do raise questions about radiometric calibration. If calibration images are taken on the ground, then any change in measured reflectance with height is ignored; if images of the tarp had been used for calibration, this would have slightly changed the relationship between Red and NIR bands, and thus NDVI. There are also discrepancies between bands apparent in the comparisons with ground reference data (????). It is not known what caused these discrepancies, or whether they are unique to the Sequoia unit used. This is a potential source of uncertainty in comparisons with other sensors, including other Sequoia units, and illustrates the value of using in-flight reflectance targets for quality control [? ? ].
Conclusions
This research has demonstrated that illumination geometry and flying height can affect the retrieval of reflectance values from individual images acquired by UAS, but that photogrammetry and the use of vegetation indices such as NDVI can mitigate the effects of illumination geometry. These effects are specific to individual flights, since they depend on changing solar geometry, canopy structure and possibly atmospheric composition. Measurements of anisotropic reflectance and flying height effects at a greater variety of sites will hopefully lead to a better understanding of these issues and more robust radiometric calibration procedures, increasing the quality of UAS data products and making them more comparable across sites, sensors and times.
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